The application of proportional-integral-derivative (PID) controllers to outlet steam temperature for direct steam generation (DSG) in parabolic troughs solar power system under recirculation operation mode may not achieve the desired effect due to large time delay, model/plant mismatches, strong inertia and parameter timevariation, which is affected greatly by the changes in solar radiation. In the light of characteristics of the control object mentioned above, the fuzzy dynamic matrix control strategy is proposed to build sub-models under typical conditions and design corresponding controllers. Simulation analysis indicate that there are advantages such as quick response, minimum system output pulsation and small influence of model mismatch compared with the traditional PI and dynamic matrix control (DMC) strategies. Simulation results prove the feasibility and effectivity of the proposed control method.
INTRODUCTION
Direct steam generation (DSG) trough solar thermal power generation system (trough system) is the use of parabolic trough concentrators to focus sunlight onto a collector. The working fluid is heated as it passes through the absorber tube of the solar collectors, thus converting the direct solar radiation into thermal energy. Then the hot working fluid is sent to a heat exchanger where it transfers its thermal energy to the application. Compared with the trough system which use oil as the working fluid, DSG trough system has the following advantages: eliminate the risk of environmental pollution by the use of water instead of oil; omit the oil / steam heat exchanger and its accessories, and then simplify the system structure, thus greatly reduce the power plant investment and operating costs; with higher steam temperature and power generation efficiency [1] [2] [3] .
As the intensity of the sun's radiation has great randomness and uncontrollable, the heating process output must be controlled by mass flow manipulation. The energy input is affected by several types of disturbances. These disturbances can be slow, such as daily cycle and changes in mirrors reflectivity caused by dust, or they can be fast and strong, such as those due to clouds or changes in the inlet water conditions (temperature or pressure). Therefore, independently of the structure and operation mode, obtain steam at constant temperature and pressure at the outlet of the solar field is the main objective of the control system for the safe and reliable operation of the trough system [4] [5] [6] .
Typically, there are three operation modes for the trough system, these are: once through, recirculation and injection modes. Among them, the recirculation concept is the most conservative and secure operation mode [4] . To obtain the control target, a PI control-based scheme has been designed and implemented for the recirculation mode [4] [5] [6] [7] . However, due to the change process of control object with large time delay, strong inertia and parameter time-variation, the classic PI control method is difficult to achieve the desired good control effect [8, 9] .
Model predictive control (MPC) is a kind of advanced control strategy developed in the 1970s, and has been widely used in the control of industrial processes due to its ability to deal with variable constraints, large time-delay, non-minimum phase and multivariable systems [10, 11] . Generally, the output prediction value based on the prediction model can not be exactly the same as the actual output. When the model mismatch is small, the desired control effect can be obtained through the feedback correction. However, when the deviation between the model and the reality is large, it is inevitable that there will be a large deviation in the prediction of the future time with the error of the current moment.
In this paper, the control strategy of outlet steam temperature for DSG in parabolic troughs solar power under recirculation operation mode based on fuzzy dynamic matrix control is developed. The fuzzy controller is used to further correct the prediction deviation between the actual object and the model due to the model mismatch. It helps to reduce the influence of the model and the actual object mismatch when the actual object changes greatly, and improve the robustness of traditional dynamic matrix control.
DSG TROUGH SYSTEM UNDER RECIRCULATION OPERATION MODE
The recirculation mode with the most important feedback loops for a configuration has nine evaporating collectors (425 m) and two superheating collectors (75 m) [6] . Though the solar field could be operated over a wide temperature/pressure range, the three main operating points investigated in the project are listed in Table 1 . The models and previous PI control loops parameters are also listed in.
ALGORITHM OF FUZZY DYNAMIC MATRIX CONTROL
In this section, the algorithm of fuzzy dynamic matrix control is introduced to control the outlet steam temperature.
Dynamic Matrix Control
The model vector a = [a1, a2, , aN]Tis obtained from the step response test firstly, where Nis the model length;a1, a2, , aNis the corresponding unit step response data sampled by sampling time Ts. Then the dynamic matrix of the model can be constructed as follows:
where P is the prediction horizon; M is the control horizon.
The future output prediction of the model calculated by control increment N at time instant k is:
is the future prediction output at time instant kunder the effect of control increment u(k); 0 ()
denotes the prediction for time instant k + imade at time instant k. In terms of the obtained future output prediction, we need to correct it because there are uncertainties that cause the output prediction error; the correcting method is chosen as follows: is the error between the actual process output and model output prediction at time instant k+ 1, his the error correcting vector.
After obtaining the initial output prediction at time instant k, the future model output prediction under the control increment sequence UM(k) = [u(k), u(k + 1), , u(k + M -1)]T can be calculated as follows. is the initial output prediction at time instant k.
In the process of control, often do not want to the control increment with over intensive variation, this factor can be considered by adding soft constraints in the optimization performance indicator. Therefore, the optimization performance indicator at time instant kcan be taken as:
At time instant k, () P k w and 0 () P k y are known, the minimum value of J(k) can be obtained through the necessary condition of extreme value: dJ(k)/dUM(k) = 0, then we can get the UM(k) as follows:
Here, w(k) is the reference trajectory, Q is the error weighting matrix, and R is the control weighting matrix.
Fuzzy Dynamic Matrix Control
As mentioned above, when the deviation between the model and reality is large, it is inevitable that there will be a large deviation in the prediction of the future time with the error of the current time. Therefore, a fuzzy dynamic matrix control method is constructed in this section, and its control structure is shown in Fig. 1 . Fig. 1 , dT = CT(ATQA+R)-1ATQ, C = [1,0,, 0] is the operation matrix for taking the first element of a vector, and the control increment Δu1(k) is obtained by DMC. According to the deviation between the output of the prediction model and the actual output of the system, the deviation signal is transformed into the fuzzy controller by differential transformation, and the compensation of control increment at the present time Δu2(k) is obtained. The control increment Δu1(k) and Δu2(k) are taken as the total control increment.
Here All of the membership functions of the fuzzy sets adopt triangle function. The Mamdani max-min algorithm [12] is used to carry out fuzzy reasoning, and the center of gravity method [13] is used to obtain Δu2(k).
SIMULATION ANALYSIS
In this section, a comparison with the mentioned traditional PI and DMC controllers is made to verify the performance of the proposed fuzzy DMC controller.
Model/Plant Matched Case
The performance of the proposed method is first evaluated by the model/plant match situation. A set-point is added to the process at time instant t = 0. Fig. 2 shows the performance of each method.
As can be seen from Fig. 2 , when the model matches the actual system, there is no error between the predicted output and the actual output, and the DMC is exactly the same as the Fuzzy-DMC output curve, and the fuzzy controller does not act.
Both the methods are better than that of the traditional PI method although these control systems all reach the set point successfully. In terms of the proposed, the responses are smoother, faster with smaller oscillations.
When it comes to disturbance rejection, the output disturbance is considered in Fig. 3 and Fig. 4 .
It can be seen from Figs. 3 and 4that when the system has disturbances, the outlet steam temperature under the control of DMC and ordinary PI controller is greatly affected by the disturbance, the adjustment time is longer, and the control effect is not satisfactory, which show the poor robustness. By contrast, the fuzzy-DMC system can quickly track the set value even under the disturbance existing, which show the good robustness. 
In the previous section, we have supposed that we can know the actual process parameters accurately. However, in practice, this is not always true due to process uncertainties, measurement noise, etc., which means that we can only obtain the approximate process model and use it to design the corresponding controller for the real process. In view of this, there are situations of model/plant mismatch that may impair the performance of controllers. In this section, we choose parameters in model 1, i.e., the model at 30bar of outlet steam pressure as the model parameters, and the other models, i.e., the models at 60bar and 100bar of outlet steam pressure as the real plant parameters that we will never accurately know. Now, we are in a position to test the controller performance under model/plant mismatches. Figure 6 . A comparison for the outlet steam temperature control loop at 100bar of outlet steam pressure: (a) system output (b) controller output. Fig. 5 and Fig. 6 show the responses of the above model/plant mismatch cases. When encountering model/plant mismatches, the system output still can fast track the set value due to the Fuzzy-DMC algorithm itself has good robustness. In general, the ensemble performance of the proposed method is better than that of the PI and DMC method, as can be seen in the Figs. 5 and 6.
CONCLUSIONS
For the control problem of outlet steam temperature for DSG in parabolic troughs solar power under recirculation operation mode, this paper puts forward using the fuzzy DMC strategy, establishing local models of typical operating points and the corresponding sub-controllers are designed. Simulation results show that:
(1) The fuzzy DMC control strategy is superior to anti-windup PI control strategy, the situation for the solar radiation intensity and other parameters mutated, using fuzzy DMC control strategy allows the collector outlet steam temperature quickly and smoothly track to the set value.
(2) Fuzzy DMC control strategy robustness, it can effectively solve the model mismatching problem of solar thermal power generation systems due to conditions that may result from the transition.
